Abstract This study investigates the terrestrial hydrological processes during a dry climate period in Southwest China by analysing the frequency-dependent runoff and soil moisture responses to precipitation variability. Two headwater sub-basins, the Nanpan and Guihe basins of the West River (Xijiang), are studied to compare and contrast the terrestrial responses. The variable infiltration capacity (VIC) model is used to simulate the hydrological processes. Using wavelets, the relationships between observed precipitation and simulated runoff/soil moisture are expressed quantitatively. The results indicate that: (a) the Guihe basin shows a greater degree of high-frequency runoff variability in response to regional precipitation; and (b) the Nanpan basin exhibits less capability in accommodating/smoothing extreme precipitation deficits, reflected in terms of both higher scale-averaged (for 3-6 months) and time-averaged (for the year 1963) wavelet power of soil moisture.
INTRODUCTION
The West River (Xijiang in Chinese) is the biggest tributary of the Pearl River basin in South China (Fig. 1 ). It plays a major role in fulfilling various water demands in the region, including water supply to the advanced economic and rapidly developing cities of the Pearl River Delta (PRD). However, the frequent droughts that occur in the West River basin cause extensive losses to life and property. Drought leaves millions of people short of water and crops, especially in the counties and villages of Yunnan Province (Pearl River Hydraulic Research Institute 2007) . The potential impact of drought is also threatening future generations of wild animals (e.g. Asian elephants) and plants (e.g. Cyclobalanopsis glaucoides forest, Neocheiropteris palmatopedata) in the region (Deng et al. 2009 , Yu et al. 2011 .
Given the pervasiveness and consequences of drought in the western part of the Pearl River basin, it is important to understand the terrestrial hydrological features of regional drought events for establishing effective and efficient monitoring networks, as well as for undertaking long-term management efforts. Any attempt towards such objectives should generally consider, among others, two important aspects: (a) the temporal scale of interest (Langousis and Veneziano 2007, Langousis et al. 2009 ); and (b) the region of interest (i.e. the drought-prone region). For instance, a severe drought event may be reflected in precipitation or soil moisture time series at certain time scales, but each sub-basin may have its own characteristics in responding to the variability and patterns in precipitation evolution. In general, the characteristics of a basin that influence its response to precipitation and other hydrometeorological processes are many. Consequently, identification of all the influencing characteristics and their extent of influence (both individual and combined) is a tremendously challenging task. However, often only a few of the characteristics have a dominant influence on the basin response. Therefore, identification of the dominant factors/processes is a simplified, yet effective, way to study catchments, as has been emphasized by various studies coming from different modelling and methodological perspectives, especially within the context of the dominant processes concept (DPC) (e.g. Grayson and Blöschl 2000, Sivakumar 2004 ).
The present study addresses the terrestrial hydrological responses (e.g. runoff and soil moisture) to precipitation of two sub-basins in the West River basin, in an effort to provide crucial information on soil moisture variability over the region, which relates to the drought severity. The two sub-basins, the Nanpan and Guihe river basins (see Fig. 1 ), were chosen for the following reasons: (a) they are headwater basins; (b) they show different hydrological responses to precipitation in dry years; and (c) they have distinctive geomorphic features within the West River basin (Table 1) . This study specifically focuses on the hydrological situation during the year 1963, when a severe drought that occurred in the west part of the Pearl River basin caused severe damage to an area of 16 200 km 2 (Pearl River Hydraulic Research Institute 2007). Therefore, the basin behaviour in that year may be considered as representative of the complex land-surface system in the frequently drought-stricken region during a dry period.
The changes in water discharge from the main tributaries of the Pearl River basin were examined by Zhang et al. (2008) , based on annual data from nine stations for the period 1950 . Zhang et al. (2008 reported that none of the nine stations analysed showed significant trend (when the Mann- (Lu 2004) . For example, the minimum annual water discharge at the Wuzhou station in the West River basin shows a clear increasing trend over the period 1915 -1984 (Lu 2004 . It should be noted that, for the basin-featured hydrological responses in the West River, the previous studies were essentially restricted to observed data (e.g. Cui et al. 2007) . The aim of this study is to examine the variability relationships in extreme hydrological situations in the Nanpan and Guihe sub-basins of the West River, by focusing particularly on a dry period, i.e. the 1963 drought. The terrestrial hydrological processes are simulated using the variable infiltration capacity (VIC) model for the period 1952-2000 (see Niu and Chen 2010) . The variability properties of the observed precipitation, as well as the simulated runoff and soil moisture, are revealed by wavelet analysis.
The remainder of the paper is organized as follows: Section 2 describes the study area and the terrestrial hydrological data simulated from the VIC model for analysis; Section 3 provides a short description of the wavelet method used; Section 4 illustrates the application of wavelet transform to time series of daily hydrological anomalies over the two sub-basins to reveal basin performances on variability evolution of runoff and soil moisture; and, finally, conclusions are drawn in Section 5.
STUDY AREA AND DATA

Study area
The West River is the major tributary of the Pearl River basin in the sub-tropical to tropical monsoon climate region of South China (Fig. 1) 
Terrestrial hydrological data
In the present study, the VIC model (Liang et al. 1994 ) is used to simulate the terrestrial hydrological data for studying the Nanpan and the Guihe subbasins. The VIC model, a macro-scale hydrological model, has been found to be effective for catchments over a wide range of scales, from very small to continental scale (e.g. Nijssen et al. 1997 , 2001 , Sheffield et al. 2004 . Niu (2010) and Niu and Chen (2010) have reported the use of the VIC model for simulating terrestrial hydrological processes over the Pearl River basin for the period 1952-2000. The forcing data, including the basic daily meteorological data from weather stations over Mainland China (e.g. precipitation, maximum temperature and minimum temperature), were obtained from Feng et al. (2004) , and were gridded to 1°× 1°g rids for the period 1951-2000. The VIC model simulation was performed directly by using two soil and vegetation data sets provided in Nijssen et al. (2001) , and no further calibration was done. The VIC model simulations provide daily time series of evapotranspiration, runoff and soil moisture for the period 1952-2000, with the year 1951 serving as the model spin-up time. In the present study, the daily anomaly time series (1961) (1962) (1963) (1964) (1965) of runoff and soil moisture are derived from the simulated terrestrial hydrological data by removing the longterm daily mean over the period 1952-2000. In the calculation of the long-term daily mean, only 365 d from each year is considered, and the leap day (i.e. 29 February) is ignored. Niu and Chen (2010) have validated the runoff simulations for the Pearl River basin using the streamflow observations from six gauging stations (i.e. Gaoyao, Wuzhou, Shijiao, Boluo, Xinfengjiang and Longchuan). Among others, two statistical measures, the relative bias (RB) and the Nash-Sutcliffe efficiency coefficient (NSE), were employed for the evaluation. Their results indicate "satisfactory" model simulations at the monthly time step (RB < ±0.22 and NSE > 0.82), according to Moriasi et al. (2007) , who suggest a result is satisfactory if RB < ±0.25 and NSE > 0.50. At the daily time step, and with inclusion of a routing scheme, Niu and Chen (2010) reported RB < ±0.16 and NSE > 0.75. In the present study, the simulated soil moisture data are further compared with the re-analysis outputs provided by the National Center for Environmental Prediction -National Center for Atmospheric Research (NCEP-NCAR) re-analysis-1 (R-1), because soil moisture data observed over the study region are not available. The NCEP-DOE (Department of Energy) re-analysis-2 (R-2) data, which are regarded as a better soil moisture reference than R-1 (Li et al. 2005) , are not included herein because such data are available only from 1979. Figure 3 shows comparisons of the soil moisture anomaly time series between the VIC model simulations and the R-1 outputs for the period 1961-1965. The R-1 data soil moisture anomalies for each subbasin are obtained by: (a) spatially aggregating the data from the gridded (about 1.875°× 1.905°for the study region) data-based R-1 output; (b) removing the value corresponding to 29 February (i.e. in leap years); and (c) removing the corresponding annual cycle (i.e. 365 daily mean). For the VIC model simulations, the total soil depths (for three layers) of grid cells for the two basins are in the range 1.5-3 m (Niu and Chen 2010) . Since the land scheme in R-1 has only two soil layers (0.1 and 0.1-2 m), for the direct comparison for the whole study area, the R-1 soil moisture data are scaled from the total 2 m to the upper 1.5 m, and the volumetric soil moisture is converted to soil water (unit: mm) by multiplying by the corresponding layer thickness (Li et al. 2005) .
The correlations in soil moisture anomalies between the VIC model simulations and the R-1 data for the period 1961-1965 are 0.66 and 0.71 for the Nanpan and Guihe basins, respectively. The time series anomalies, presented in Fig. 3(a) and (b), show that the variation of the R-1 data is relatively lower than that of the VIC model simulations. This result seems to be consistent with the observation by Li et al. (2005) that soil moisture in the R-1 product tends to drift to a too dry or too wet state, which generally results in very large amplitude seasonal variation but smaller inter-annual variability. Another problem with the R-1 data is the non-closure of the water budget (Li et al. 2005) . The water balance of major hydrological components (i.e. precipitation, evapotranspiration, runoff and soil water change) of the VIC model simulations for the Pearl River basin has already been examined by Niu and Chen (2010) .
WAVELET ANALYSIS
Wavelet analysis originated in the early 1980s for seismic signal studies (Morlet et al. 1982) .
Compared with the traditional linear spectrum analysis tool (i.e. Fourier transform), the wavelet transform has the ability to characterize nonlinear and nonstationary signals and, thus, can provide useful information on local variability structure in the frequencytime domain (Labat 2010b Wavelet analysis is most commonly performed to examine the variability response of a process at different time scales, because wavelets display the variability picture in both the time and the frequency domain (Foufoula-Georgiou and Kumar 1994 , Lau and Weng 1995 . Among the many types of wavelets available (e.g. Haar, Meyer, Daubechies, Morlet and Mexican hat), the Morlet wavelet is often chosen in wavelet applications (especially in geophysical time series analysis), as (a) it is a complex wavelet function consisting of more oscillation waves and better captures the oscillatory features; and (b) it provides a good balance between time and frequency localizations (Torrence and Compo 1998, Mishra et al. 2011b) . In the present study, the Morlet wavelet is applied for analysis of the daily hydrological anomalies over the Nanpan and Guihe basins for localization of the variance and time-frequency, and detection of dominant oscillations. In particular, the modulation performance of the two river basins in response to precipitation variability, through runoff and soil moisture, is investigated in conjunction with the manifestation of the drought that occurred in 1963. Figure 4 presents a flow chart of the stepwise application of wavelets in this study and the methodology is described briefly below.
The continuous wavelet transform of a time series x n (n = 0, …, N -1) is defined as the convolution of x n with a scaled and translated wavelet ψ 0 ðηÞ:
where * indicates the complex conjugate; ξ is the wavelet scale for varying the window width as multiples of the lowest frequency (1/δt, in which δt is the time interval); and γ is the translation parameter to shift the wavelet along the time. The mother wavelet (i.e. Morlet wavelet in this study), ψ 0 ðηÞ, that depends on a non-dimensional "time" parameter η, is defined as (Torrence and Compo 1998) :
where ω 0 is the non-dimensional frequency. The local wavelet power spectrum is defined as W n ð; γÞ j j 2 , which gives a local measure of the variance of the analysed time series at each scale and for each time. 
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For convenience, the scales are written as fractional powers of two:
where ξ 0 is the smallest resolvable scale and J determines the largest scale. The total variability power is conserved under the wavelet transform, and the equivalent of Parseval's theorem for wavelet analysis is given by:
where σ 2 is the variance of the initial analysed time series and C δ is a reconstruction factor (Torrence and Compo 1998) .
A global wavelet spectrum, W 2 ð Þ, is defined by averaging all the local wavelet spectra:
and the scale-averaged wavelet power spectrum is the weighted sum of the wavelet power spectrum over scales j 1 to j 2 :
4 RESULTS AND DISCUSSION Figure 5 presents the daily precipitation anomaly time series (Fig. 5(a) ), its normalized local wavelet power spectrum (Fig. 5(b) ) and the scale-averaged wavelet power spectrum (Fig. 5(c) ) for the Nanpan basin. As the time scale increases, errors will occur at both edges of the wavelet power spectrum, due to the padded zeros during the convolution processes. the severe drought that occurred over the basin in that year. The frequency-dependent features also suggest the choice of scale-averaged wavelet power to further examine fluctuations over specific ranges of wavelet scales (bands).
The scale-averaged wavelet power time series for 1-3 weeks (Fig. 5(c) ) show high-frequency variabilities in both wet and dry seasons that are captured by the wavelet analysis, but with higher wavelet power magnitude for the wet season. At the 1-2 months time scale, the wavelet power time series emphasizes the high variability in the wet season, which is similar to the wavelet power at 1-3 weeks. However, at 3-6 months, the 1963 drought is isolated at the scale-averaged wavelet power time series. Figure 6 shows the runoff response to precipitation over the Nanpan and Guihe basins. Intuitively, for the initial daily precipitation (Fig. 6(a) ) and daily runoff (Fig. 6(b) ) anomaly time series, the extent of variance reduction from precipitation to runoff is much more for the Nanpan basin than that for the Guihe basin. To further illustrate this difference in response for the two basins, the scale-averaged wavelet power at 1-3 weeks, 1-2 months and 3-6 months is shown in Fig. 6(c), (d) and (e), respectively, in which the upper line is the scale-averaged wavelet power time series for precipitation and the lower line is runoff. As can be seen, the wavelet power time series of runoff basically reflects the variability for precipitation but with smaller magnitudes with respect to time. For 1-3 weeks (Fig. 6(c) ), the differences in response between the two basins are not obvious. However, for time scales of 1-2 months (Fig. 6(d) ) and 3-6 months ( Fig. 6(e) ), runoff over the Guihe basin exhibits a greater degree of response to precipitation variability. (d) and (e) Scale-averaged wavelet power spectrum for both precipitation (upper line) and runoff (lower line) for the 1-3 weeks, 1-2 months and 3-6 months time bands, respectively. Terrestrial hydrological responses to precipitation
To quantify the variability response at these time scales, the ratios (R RP ) of the scale-averaged wavelet power between runoff ( W 2 R ð 0 Þ) and precipitation ( W 2 P ð 0 Þ) are developed as follows:
The ratios for the period 1961-1965 (i 1 = 1961, i 2 = 1965 in equation (7)) are listed in Table 2 . Generally, at smaller time scales, the runoff conserves only a small amount of precipitation variability, because the high-frequency precipitation variability is absorbed by the basin through the infiltration processes. At longer time scales, the runoff reflects more precipitation variability due both to conservation of soil water and to runoff delaying the response of the river basin. However, the two basins show different performances of this variability relationship. At 1-3 weeks, the wavelet-based variability ratio between runoff and precipitation is 3.04% for the Nanpan basin and 11.66% for Guihe basin. At 1-2 months, the ratio for Nanpan basin is 8.07%, but for Guihe basin it is 35.81%. For the longer time scale of 3-6 months, the respective ratios are 11.48% and 65.48%.
The ratios of wavelet-based variability change for 1963 (i 1 = i 2 = 1963 in equation (7)) for the two basins are also listed in Table 2 . In general, the runoff conserves smaller precipitation variability than that of the average level for 1961-1965 for all the three timescale bands. At 1-3 weeks and 1-2 months, the difference in ratio between the two basins in 1963 is not that significant. However, at 3-6 months, the variability response is significant for the Nanpan basin (only 4.65% is conserved), but not for the Guihe basin (53.86% is conserved), and the runoff in the latter approaches the average level, while that is not the case for the Nanpan basin. In a dry year, a bigger percentage of precipitation is normally transformed to water infiltrated into the unsaturated soil. These processes remove the high anomaly of precipitation and, therefore, the generated runoff carries only small parts of the precipitation variability. For the Guihe basin, located in the lower reach of the West River and having more annual average precipitation, it is relatively easy for precipitation to saturate the soil layer in a dry year when compared to the Nanpan basin. Reflecting on the longer time scale, the precipitation variability conserved by runoff in the Guihe basin is comparable to that of the average level (i.e. for the period [1961] [1962] [1963] [1964] [1965] . Although the magnitude difference in the initial precipitation anomaly is not significant, the performance of the basin in runoff response is widely different for the two basins. This is partly due to the differences in geometry of the two basins. The Guihe basin has a fan-like shape with steep slopes. Therefore, runoff can converge very quickly and, consequently, the variability of precipitation is better captured by the runoff. The Nanpan basin, in contrast, has a larger mainstream distribution, characterized as a circuitous main stem. Therefore, precipitation variability is reflected less in the runoff.
Figure 7(a) shows the initial soil moisture anomaly for the Nanpan and Guihe basins. While the largest magnitude of soil moisture deficit for the two basins in 1963 is comparable, there is a longer dry period in the Nanpan basin (i.e. it includes the first half of the year). Figure 7 (d, left) shows that the soil moisture deficit in 1963 is identified at the 3-6 months time scale for the Nanpan basin. However, this is not the case for the Guihe basin; instead, the strongest wavelet power is identified in 1962 ( Fig. 7(d, right) ), which corresponds to a relatively high soil moisture level due to abundant precipitation. Figure 8 shows global wavelet power spectra (GWS) of soil moisture for the two river basins; the time-averaged wavelet power is calculated for 1963 and 1961-1965 , separately. The results do not indicate any noticeable difference in GWS for the Guihe basin for these two periods. For Nanpan basin, however, the 1963 GWS shows an obvious high wavelet power at the 3-6 months time-scale band. Further, there are different soil moisture evolution processes for the two basins before and after 1963. In 1962, the precipitation in the Nanpan basin is already lower than that of a normal year (see Fig. 6(a) ), and the corresponding soil moisture begins to decrease in the latter half of that year (see Fig. 7(a) ). For the same year, the precipitation in the Guihe basin is not in a below-normal situation. Therefore, in 1964, when precipitation gets back to normal amounts, the Guihe basin can recover relatively quickly, as reflected by soil moisture (Fig. 7(a) ), whereas the Nanpan basin shows a delayed response. These observations indicate that, in the face of a precipitation deficit, the Guihe basin can still have a "normal" response, similar to that in wet or normal years. However, this is not the case for the Nanpan basin, which is less capable of regulating the response to precipitation conditions and, thus, shows greater vulnerability to below-normal precipitation, resulting in severe droughts.
It is important to emphasize again, at this stage, that the terrestrial hydrological data used in this study are the outputs of VIC model simulations obtained by Niu and Chen (2010) , with no further calibration. The data were "accepted" as they are, especially considering their bases, such as: (a) the parameter values used, derived from Nijssen et al. (2001) for the study area, are within the corresponding allowed range (Troy et al. 2008) ; and (b) the validation of runoff outputs with observational data is satisfactory. There is no question that calibration would significantly help to improve the accuracy of simulation. To this end, and also as an extension of the current study looking for explanations (or evidence) of basin-dominated response features, the relationships between the basin characteristics (e.g. geomorphology and geology) and variability response are currently being investigated.
CONCLUSIONS
We investigated the relationships between runoff/soil moisture and precipitation for two sub-basins (Nanpan and Guihe) of the West River in South China, to reveal the basins' role in reducing or memorizing precipitation variability at different time scales. The VIC model simulation provided runoff and soil moisture time series for the terrestrial hydrological cycle, and wavelet analysis was employed to reveal the variability properties in the time-frequency domain. Examination of the scale-averaged wavelet power time series generally indicates that the precipitation variability conserved by the runoff increases with the increase in time scale. The Guihe basin conserves more precipitation variability than the Nanpan basin, partly due to its geographic characteristics (e.g. the simplex river network). The significant precipitation variability detected at the 3-6 months time scale is also reflected by soil moisture at the corresponding time scale.
From the global wavelet power spectrum of soil moisture for both the dry year (i.e. 1963) and the total period studied (i.e. [1961] [1962] [1963] [1964] [1965] , it may be inferred Guihe (1963 ) Nanpan (1961 -1965 ) Guihe (1961 -1965 Fig. 8 Global wavelet power spectra for soil moisture in the Nanpan and Guihe basins.
Terrestrial hydrological responses to precipitationthat the Guihe basin has a proportional soil moisture response. The Nanpan basin, however, shows an abnormal soil moisture response, which is an indication that the basin has less capability of regulating extreme changes. This may be related to the vulnerability of the basin to drought events. Further, the precipitation deficit in 1962 exerts a cumulative effect, contributing to the severe 1963 drought in the Nanpan basin. This strong co-variability between the precipitation and soil moisture at the 3-6 month time scale triggered severe drought events in Southwest China.
It is well known that lack of hydrological data is one of the major limitations in studies on hydrological and water resources systems. In this regard, hydrological models facilitate the generation of abundant hydrological data to explore the variability and response features of hydrologicalcomponents and their manifestations. In particular, large-scale hydrological models also enable us to characterize runoff, soil moisture and other responses in different, independent sub-basins within large basins. With hydrological data made available in this way, a major challenge is to develop and/or apply appropriate data analysis techniques to capture the inherent characteristics of hydrological variables at various temporal and spatial scales, especially in large river basins. The enhanced understanding of terrestrial hydrological processes with respect to both process modelling and data analysis will sustain the monitoring capability of hydrological variability in the face of extreme climatic forcing, help mitigate the damage due to water-related natural hazards, and contribute to sustainable human development. Therefore, the present study and its outcomes could lead to important advances in hydrological and water resources studies in the West River in South China and beyond.
